Uncontrolled hepatic glucose production contributes significantly to hyperglycemia in patients with type 2 diabetes. Hyperglucagonemia is implicated in the etiology of this condition; however, effective therapies to block glucagon signaling and thereby regulate glucose metabolism do not exist. To determine the extent to which blocking glucagon action would reverse hyperglycemia, we targeted the glucagon receptor (GCGR) in rodent models of type 2 diabetes using 2′-methoxyethyl-modified phosphorothioate-antisense oligonucleotide (ASO) inhibitors. Treatment with GCGR ASOs decreased GCGR expression, normalized blood glucose, improved glucose tolerance, and preserved insulin secretion. Importantly, in addition to decreasing expression of cAMP-regulated genes in liver and preventing glucagon-mediated hepatic glucose production, GCGR inhibition increased serum concentrations of active glucagon-like peptide-1 (GLP-1) and insulin levels in pancreatic islets. Together, these studies identify a novel mechanism whereby GCGR inhibitors reverse the diabetes phenotype by the dual action of decreasing hepatic glucose production and improving pancreatic β cell function.
Introduction
Under normal physiologic conditions, glucagon secretion is regulated by changes in systemic glucose and insulin concentrations. Unger hypothesized that disruption of the glucagon-insulin bihormonal relationship contributes to the manifestation of diabetes mellitus (1) . Several studies have since tested this hypothesis, and accumulating evidence supports a pathophysiological role of glucagon in the development and progression of diabetes. Basal glucagon is inappropriately elevated (2) , and its suppression is impaired following food consumption (3) in type 2 diabetes. Increased hepatic glucose production resulting from elevated glucagon and/or dysregulation of postprandial glucagon secretion likely contribute to hyperglycemia and worsen glucose tolerance in type 2 diabetes.
Pharmacological intervention to suppress glucagon activity is proposed to improve insulin action in the liver and help restore normal hepatic glucose metabolism, thus decreasing hyperglycemia. Glucagon analogs that act as competitive antagonists, including [N α-trinitrophenyl-His1, homo-Arg12]glucagon, [desHis1,Glu9]glucagon-NH2, and [des-His1, des-Phe6,Glu9]glucagon-NH2, transiently lower blood glucose in streptozotocin-induced (STZ-induced) diabetic rats (4) (5) (6) . Antiglucagon mAbs improve glycemia in STZ-induced diabetic rats, alloxan-induced diabetic rabbits, and ob/ob mice (7) (8) (9) . Further, Bayer 27-9955, a small molecular weight competitive glucagon receptor (GCGR) antagonist, is efficacious in glucagon challenge experiments in healthy adult humans (10) . However, efficacy data from chronic studies in diabetic rodents or humans administered this molecule have not been disclosed.
Recently, mice have been generated lacking GCGR (11, 12) or the enzyme required to process functional glucagon, prohormone convertase 2 (PC2) (13) . Glucose homeostasis is relatively normal in these animals, yet both plasma glucose and insulin are slightly reduced. In addition, deletion of either gene results in α-cell hyperplasia, with Gcgr KO mice also displaying hyperglucagonemia (11) (12) (13) . These data provide information about the physiological effects resulting from inhibition of glucagon signaling but do not indicate whether inhibiting this pathway will improve glucose control in diabetes.
To test the hypothesis that inhibiting glucagon action will decrease hepatic glucose output and reduce hyperglycemia in type 2 diabetes, we identified and tested 2′-methoxyethyl modified phosphorothioate GCGR antisense oligonucleotides (ASOs). Exploiting modified ASOs of this class to inhibit the GCGR is advantageous over other chemical platforms because these compounds effectively decrease expression of targeted genes in specific tissues such as the liver (14) . In addition, these molecules possess extended half-lives that minimize compound dosing regimens (15) . The inherent specificity and in vivo stability of antisense inhibitors enables characterization of the biological effects of inhibiting the GCGR in type 2 diabetes.
Results

GCGR ASOs lower plasma glucose in diabetic rodents.
Several potent GCGR ASO inhibitors were identified and characterized in doseresponse studies using primary mouse and rat hepatocytes ( Figure 1,  A and B) . To test the efficacy of GCGR ASOs to treat hyperglycemia, 7-8 week-old ob/ob and db/db mice were dosed two times per week with either GCGR ASOs (148359, 180475), a generic control ASO (141923) whose sequence does not match any known transcripts in the mouse or rat genomes, a mismatch GCGR ASO (298682) whose sequence is identical to GCGR ASO 180475 except for 7 internal bases, or saline for 4 weeks ( Figure 1C , Table 1 , and data not shown). Whereas hyperglycemia continued to worsen over time in saline-and control ASO-treated ob/ob mice, animals treated with GCGR ASOs showed a dramatic reduction in plasma glucose. In fact, GCGR ASO 180475 lowered glucose into the normal range. At the end of the 4-week treatment period, liver GCGR mRNA was reduced by 85-95% ( Figure 1D ). Similar glucose lowering efficacy and target reduction were observed in db/db mice undergoing GCGR ASO treatment compared with administration of saline, the generic control ASO, or the mismatch GCGR ASO (Table 1 and data not shown); furthermore, plasma triglycerides in db/db mice were lowered following GCGR ASO treatment (Table 1) . Interestingly, the lowering of plasma triglyceride levels was paralleled by similar decreases in liver triglyceride content in some animals administered GCGR ASOs (Table 1 and data not shown). The reduction in plasma glucose and triglycerides in db/db mice by GCGR ASO 180475 is similar to that reported in studies testing GCGR ASO 148359 for 3 weeks (16) . A comparison of metabolic parameters from normal and diabetic rodents treated for 4 weeks with GCGR ASOs is presented in Table 1 .
The time-dependent antidiabetic properties of GCGR ASOs were further investigated in a more detailed time course analysis of glucose lowering and target reduction in 8-week-old Zucker diabetic fatty (ZDF) rats. Animals were dosed for 4 weeks with either the control ASO or GCGR ASO 180475 followed by a 4-week washout period during which there was no treatment. Liver GCGR mRNA decreased dramatically to 50% of that in controls within 24 hours after the first dose of GCGR ASO and to 70% of controls 48 hours after the sev-
Figure 1
GCGR ASOs decrease GCGR mRNA and lower plasma glucose in ob/ob mice. Mouse (A) or rat (B) primary hepatocytes were treated with the indicated ASO concentration for 4 hours as described in Methods. Following oligonucleotide treatment, cells were cultured for an additional 16-18 hours. Total RNA was extracted, and GCGR mRNA expression was assessed by RT-PCR. GCGR expression was normalized to total RNA in the same samples using Ribogreen. Data are expressed as percent of saline-treated controls. (C) Nonfasted plasma glucose in 8-week-old male ob/ob mice treated twice per week (every 3.5 days) by subcutaneous injection with saline (filled squares), GCGR ASO 148359 (open triangles), GCGR ASO 180475 (open circles), or control ASO 141923 (filled inverted triangles) for 4 weeks. All ASOs were administered at 25 mg/kg. Data are the mean values ± SEM of eight mice per treatment group. In overall comparisons, glucose lowering in animals treated with GCGR ASO 148359 and GCGR ASO 180475 was significantly different compared individually with saline-and control ASO-treated animals (P < 0.05 adjusted using Tukey's t test). (D) Liver GCGR mRNA reduction in ob/ob mice. GCGR mRNA was measured by real-time quantitative RT-PCR from livers of ob/ob mice treated for 4 weeks [i.e., end of the treatment period described in (C)] with saline (black bar), GCGR ASO 148359 (light gray bar), GCGR ASO 180475 (white bar), and control ASO 141923 (dark gray bar). GCGR mRNA was normalized to total RNA in the same samples using Ribogreen. Data are the mean values ± SEM of four mice per treatment group (P < 0.05 using Student's t test).
enth dose (Figure 2A ). This was paralleled by a significant drop in plasma glucose within 48 hours after the initial GCGR ASO dose and reached maximal efficacy 48 hours after the seventh dose ( Figure 2B ). During the washout phase, hyperglycemia and GCGR expression in the liver began to rebound within 10 days, but even one month after the final dose, efficacy was still observed as plasma glucose and target mRNA levels in washout animals remained below pretreatment levels ( Figure 2, A and B) . Glucose lowering achieved by the twice per week dosing schedule and the gradual rebound of GCGR mRNA during the washout period are both consistent with the extended half-lives of 2′-methoxyethyl-modified phosphorothioate ASOs, which typically range from 9 to 19 days (14, 15) . Plasma insulin levels fell during the treatment phase in both control and GCGR ASO-treated animals ( Figure 2C ). In the control group, falling insulin levels occurred as glucose levels rose. This is likely the result of progressive β cell failure, which typically occurs in ZDF rats between 8 and 12 weeks of age (17) . In contrast, in GCGR ASO-treated ZDF rats, insulin levels fell as glucose levels also decreased ( Figure 2C ). Here, this finding is likely a result of reduced glycemic stimulus rather than β cell failure. Importantly, the very robust initial insulin response to a mild rise in 
Figure 2
Time course analysis of GCGR mRNA reduction and plasma glucose lowering in ZDF rats. (A) Liver GCGR mRNA reduction in ZDF rats. Seven-week-old male ZDF rats were treated twice per week (every 3.5 days) by subcutaneous injection with control ASO 141923 (filled inverted triangles) or GCGR ASO 180475 (open circles) at 25 mg/kg for 9 doses (last treatment on day 28) followed by a washout period of equal duration. GCGR mRNA was measured by real-time quantitative RT-PCR from livers of 5 animals removed from the study at each time point. Eukaryotic 18S ribosomal RNA was measured and used to normalize RNA input. Data are the mean values ± SEM of five rats per treatment group. In overall comparisons during the treatment period, target reduction by GCGR ASO 180475 was significantly different when compared with that in control ASO-treated animals (P < 0.05 adjusted using Tukey's t test). (B) Nonfasted plasma glucose in ZDF rats treated as described in (A). Data are the mean values ± SEM of five rats per treatment group. In overall comparisons during the treatment period, glucose-lowering by GCGR ASO treatment showed significant differences when compared with that in control ASO-treated animals (P < 0.05 adjusted using Tukey's t test). (C) Nonfasted plasma insulin in ZDF rats treated as described in (A). Data are the mean values ± SEM of five rats per treatment group. No significant changes were observed during the treatment period; however, individual comparisons between GCGR ASO-and control ASO-treated animals on days 38 and 56 (washout period) were significant (P < 0.05).
plasma glucose in the GCGR ASO-treated rats during the washout phase is consistent with improved β cell function compared with that in the control animals. Further evidence for this is presented below (Figures 8 and 9 ). GCGR ASO treatment results in α-cell hypertrophy, hyperplasia, and reversible hyperglucagonemia. In addition to dramatic effects on glucose lowering, GCGR ASO treatment resulted in marked hyperglucagonemia in both normal and diabetic rodents (Table 1 ). This level of hyperglucagonemia is similar to that observed in Gcgr KO mice (11, 12) . Elevated concentrations of plasma glucagon in GCGR ASO-treated rodents were accompanied by pancreatic α cell hypertrophy, and α cell hyperplasia was observed in some models ( Figure 3 ). α-cell hypertrophy, characterized by an increase in individual cell size without an appreciable change in cell number, was present in islets of db +/? lean and ob/ob mice treated for 30 days (Figure 3 ). In addition to displaying α cell hypertrophy, db/db mice and ZDF rats exhibited α cell hyperplasia characterized by increased numbers of hypertrophied α cells distributed most prominently along the periphery of individual islets but also extending into central regions of islets ( Figure 3 ). Further characterization was performed by counting glucagon-stained cells of islets from saline or GCGR ASO-treated db/db mice. The first 10 islets encountered in individual sections from control and treated animals (n = 5 animals per group) were selected for analysis regardless of appearance, and images were captured digitally. Glucagon immunopositive and immunonegative islet cells were manually counted. The islets from GCGR ASO-treated db/db mice showed an approximately 2-fold increase in the number of glucagon positive cells (saline, 28.1 ± 2.5% of islet cells; GCGR ASO, 53.5 ± 1.7% of islet cells). In addition, pancreatic islets in animals with α cell hyperplasia were qualitatively enlarged and, in the case of ZDF rats, more irregular in contour compared with their saline-treated counterparts. Although GCGR mRNA was reduced in islets isolated from GCGR ASO-treated db/db mice ( Figure 8C ), there is little evidence supporting direct ASO-mediated pharmacology in these cells (our unpublished data). Because α cells are believed to have fewer GCGRs compared with other islet cell types (18) , the increased α cell population in treated animals could account for the measured differences. Alternatively, lower levels of islet GCGRs may have been the result of a compensatory response to hyperglucagonemia.
Treatment of db +/? lean mice for 13 weeks with GCGR ASOs resulted in a remarkable 30-fold induction of plasma glucagon that returned to normal following an 8-week washout period (Figure 4B) , at which time GCGR mRNA levels in the liver also normalized ( Figure 4C ). During the treatment period, hyperglucagonemia
Figure 3
GCGR ASO treatment results in α cell hyperplasia. Glucagon immunostaining of representative pancreas sections from 11-to 12-week-old db +/? , ob/ob, db/db mice, and ZDF rats, which had been treated twice per week (every 3.5 days) by subcutaneous injection with control ASO 141923 (upper panels) or GCGR ASO 180475 (lower panels) at 25 mg/ kg for 9 total doses. Original magnification, db +/? , ×40; others, ×20).
Figure 4
Hyperglucagonemia induced by GCGR ASO treatment is reversible. (A) Seven-week-old male db +/? mice were treated twice per week (every 3.5 days) by subcutaneous injection with saline (filled squares), GCGR ASO 180475 (open circles), or control ASO 141923 (filled inverted triangles). ASOs were administered at 25 mg/kg for the first 9 doses and at 10 mg/kg for an additional 18 doses (last treatment on day 91) followed by a treatment-free washout period of 8 weeks. Nonfasted plasma glucose was measured every two weeks, and the data are expressed as the mean ± SEM of 8 mice per treatment group. (B) Nonfasted plasma glucagon was measured every two weeks from the animals described in (A), and the data are expressed as the mean ± SEM of 8 mice per treatment group. (C) GCGR mRNA was measured by real-time quantitative RT-PCR from the livers of 5 animals removed from the study at the time points indicated. Eukaryotic 18S ribosomal RNA was measured and used to normalize RNA input. Data are the mean values ± SEM of 5 mice per treatment group (P < 0.05 using the Student's t test).
was coincident with pancreatic-α cell hypertrophy and hyperplasia and an equivocal increase in BrdU incorporation in islets of individual db +/? animals at day 91 (data not shown). Importantly, however, there was no increase in the severity of α cell hyperplasia following the 8-week recovery period as BrdU immunolabeling in GCGR ASO-treated animals was indistinguishable from that of saline and control ASO-treated animals (data not shown).
Because very high levels of serum glucagon are present in animals receiving GCGR ASOs, it is possible that these concentrations might induce hyperglycemia, particularly as hepatic GCGR levels gradually return to normal following treatment withdrawal. It is therefore significant that at no time during the treatment or washout periods did animals with hyperglucagonemia exhibit hyperglycemia ( Figure 4A ). In fact, GCGR ASO-treated animals showed a moderate decrease in fed plasma glucose at all time points tested. This reversal of hyperglucagonemia is analogous to the reversal of α cell hyperplasia observed in Pc2 KO mice treated with exogenous glucagon by mini-osmotic pump (13) . Indeed, it appears both glucagon and its receptor must be functional in order to maintain a feedback loop that restrains α cell growth and subsequent glucagon secretion. The exact nature of this feedback loop is unclear, but it is not believed to be driven by hypoglycemia (19) .
GCGR ASOs decrease glucagon-stimulated hepatic glucose production without causing hypoglycemia. To assess whether the reduction in GCGR mRNA correlates with a reduction in functional GCGR number, a homologous competition assay was performed using hepatocyte membranes prepared from db/db mice treated with control or GCGR ASOs. 125 I-glucagon binding was effectively competed by increasing concentrations of unlabeled glucagon in control membrane samples ( Figure 5 ). The calculated apparent B max was 180.3 ± 38.7 fmol receptor/mg protein. Binding of glucagon to membrane samples from mice treated with GCGR ASOs was low by comparison, nearing the limits of detection of the assay. The apparent B max for these samples was 25.8 ± 12.9 fmol receptor/mg protein. Thus, functional GCGR expression is decreased approximately 85% by GCGR ASO therapy and is in accord with quantitative RT-PCR results.
Consistent with a reduction in the number of GCGRs present on the cell surface of hepatocytes, expression levels of key downstream regulatory genes that control glucagon-mediated hepatic glucose production were decreased in Sprague-Dawley (SD) and ZDF rats undergoing GCGR ASO therapy. The mRNA levels of several gluconeogenic and glycogenolytic enzymes, including glucose-6-phosphatase, phosphoenolpyruvate carboxykinase, fructose-1,6-bisphosphatase, and glycogen phosphorylase were decreased (Figure 6, A and B) . Further, transcript levels for these enzymes correlate with levels of liver glycogen. In the fed state, there was no difference in liver glycogen between control and GCGR ASO-treated groups. However, in the fasted state, liver glycogen in GCGR ASO-treated db/db mice was maintained at the level of fed animals, whereas in controls, liver glycogen was decreased ( Figure 6C ). To confirm that GCGR ASO therapy results in decreased glucagon-stimulated glucose output, glucose production was measured from liver slices obtained from SD rats treated with GCGR ASOs. There were no significant difference in basal rates of glucose production between the saline-and GCGR ASO-treated groups (saline = 664.7 ± 56.8 mg glucose/g liver/2 h; GCGR ASO = 541.5 ± 44.3 mg glucose/g liver/2 h). Glucagon stimulated a 3.4-fold increase in glucose production in the saline-treated group (2267 ± 350 mg glucose/g liver/2 h; P < 0.05), whereas it failed to induce a significant change in the ASOtreated animals (870.4 ± 111.3 mg glucose/g liver/2 h). Glucose production was stimulated 1.9-fold by epinephrine over basal in both groups (saline = 1241 ± 78 mg glucose/g liver/2 h; GCGR ASO = 1058 ± 87 mg glucose/g liver/2 h). This is in contrast to Gcgr -/-mice, which are more sensitive to epinephrine stimulation compared with their WT littermates (12) . It is likely that incomplete receptor KO in GCGR ASO-treated animals or embryonic effects in Gcgr null mice account for this difference.
Since glucagon is believed to be essential for maintaining fasting and postprandial glucose homeostasis, GCGR ASOs have the potential to induce hypoglycemia. As mentioned previously, db +/? lean mice treated for 13 weeks with GCGR ASOs had a moderate decrease in fed plasma glucose ( Figure 4A ). After 4 weeks of GCGR ASO treatment -when GCGR reduction reaches maximal levels -db +/? lean mice were subjected to periods of fasting up to 24 hours (Figure 7) . Although the GCGR ASO-treated group displayed a 10-30% reduction in plasma glucose, at no time did animals reach adverse levels of hypoglycemia. It is likely that GCGR ASO-treated animals avoid hypoglycemia during fasting by maintaining normal catecholamine-and glucocorticoid-stimulated hepatic glucose production, in addition to possessing low numbers of residual GCGRs. This is in contrast to Gcgr KO mice, which become hypoglycemic during periods of fasting (12) .
GCGR ASOs improve pancreatic β cell function. The intestinally-derived incretin hormone, glucagon-like peptide-1 (GLP-1), has positive effects on glucose-stimulated insulin secretion as well as on β cell survival and islet neogenesis (20, 21) . Gcgr KO mice are reported to have elevated levels of GLP-1 (13) . The studies presented here determine that plasma concentrations of active GLP-1 [GLP-1 (7-36 amide) and GLP-1 (7-37)] are increased 10-to 20-fold in both normal and diabetic rodents treated with GCGR ASOs (Table 1) . To determine the source of the elevated GLP-1, mRNA was isolated from pancreatic islets and intestines (colon, ileum, and jejunum) from animals treated with GCGR ASO treatment decreases glucagon binding to liver membranes. Glucagon binding to liver membranes was assessed by homologous competition in the presence of 0.1 nM 125 I-labeled glucagon in filter binding analysis as described in Methods. Results are expressed in fmol/mg membrane. Each value represents the mean ± SEM of duplicate conditions from the liver membranes of 11-week-old db/db mice (n = 3 per treatment group), which had been treated twice per week (every 3.5 days) by subcutaneous injection with control ASO 141923 (filled inverted triangles) or GCGR ASO 180475 (open circles). Receptor expression as percentage of control is shown in the inset. The white bar represents the average Bmax ± SEM for GCGR ASO-treated samples versus control ASO (gray bar) (P < 0.05).
GCGR ASOs, and preproglucagon transcripts were measured by realtime quantitative RT-PCR. Preproglucagon mRNA increased 5-fold in islets from treated animals compared with controls ( Figure 8C) ; however, it was not altered in intestinal tissues (data not shown), suggesting that the increase in plasma GLP-1 is derived from pancreatic α cells. Further, islets isolated from GCGR ASO-treated animals had a 3-fold increase in active GLP-1 ( Figure 8A ), and immunohistochemistry with anti-GLP-1 antibodies identified the presence of GLP-1 in glucagon-stained cells (data not shown). Taken together, these data indicate that pancreatic α cells are the source of the elevated plasma GLP-1 observed in animals treated with GCGR ASOs.
The striking increase in active GLP-1 induced by GCGR ASO therapy would be expected to enhance glucose-stimulated insulin secretion in vivo. To test this hypothesis, intraperitoneal glucose challenges were given to normoglycemic SD rats or 15-weekold ZDF rats undergoing treatment with saline or GCGR ASO 180475. In the basal state, the GCGR ASO-treated SD rats showed no differences in glucose or insulin compared to saline controls ( Figure 9, A and B) . Following a glucose challenge, glucose excursion in GCGR ASO-treated animals was reduced ( Figure 9A) , and a robust insulin response was observed ( Figure 9B) . In ZDF rats, GCGR ASO treatment had a striking effect in normalizing fasting glucose and the glucose excursion curve ( Figure 9C) ; furthermore, basal insulin levels were elevated 2.5-fold by GCGR ASO treatment, and there was a much more pronounced insulin response to a glucose challenge ( Figure 9D ). The finding that 15-week-old ZDF rats treated with GCGR ASOs could respond to a glucose challenge prompted analysis of islets of treated animals. Indeed, insulin content and preproinsulin 1 mRNA in islets of db/db mice treated with GCGR ASOs were elevated 2-fold ( Figure 8 , B and C). Taken together, these results suggest that the elevation of active GLP-1 in GCGR ASO-treated animals leads to increased glucose sensitivity of pancreatic β cells and promotion of β cell survival in these models that undergo an age-dependent islet involution.
Changes in adiposity are not observed in rodents treated with GCGR ASOs. Gcgr -/-mice have reduced adipose tissue mass, which suggests that glucagon action may be involved in the regulation of whole body composition (12) . However, the studies performed here did not identify significant changes in adiposity in animals treated with GCGR ASOs. For example, there was no change in whole body adipose tissue mass in db +/? mice undergoing GCGR ASO treatment for 8 weeks compared with controls (saline: lean mass = 79.65%, adipose mass = 14.87; GCGR ASO: lean mass = 78.99%, adipose mass = 14.95%) as assessed by quantitative magnetic resonance
Figure 6
GCGR ASO treatment affects gluconeogenic and glycogenolytic enzyme gene expression and glycogen content in liver. (A) Expression of genes encoding gluconeogenic and glycogenolytic enzymes in GCGR ASO-treated SD rats. Real-time quantitative RT-PCR was used to profile gene expression from the livers of SD rats treated with GCGR ASO 180475 or saline for 4 weeks. Hepatic GCGR, glucose-6-phosphatase catalytic subunit (G-6-Pase [cat]), phosphoenolpyruvate carboxykinase, cytosolic isoform (PEPCK-C), fructose-1,6-bisphosphatase (F-1,6-Bpase), and glycogen phosphorylase (GP) mRNA levels showed significant differences when compared to control ASO-treated animals (P < 0.05 using the Student's t test). Differences in the mRNA levels of GK and PPARγ were not observed. Rat 36B4 ribosomal phosphoprotein mRNA was measured and used to normalize RNA input. Data are the mean values ± SEM of 5 rats per treatment group. (B) Expression of genes encoding gluconeogenic and glycogenolytic enzymes in GCGR ASO-treated ZDF rats. Real-time quantitative RT-PCR was used to profile gene expression from livers of ZDF rats treated as described in (A). (C) Glycogen was measured as described in Methods in liver samples from 11-week-old db/db mice (n = 5 per treatment group), which had been treated twice per week (every 3.5 days) by subcutaneous injection with saline (black bar), GCGR ASO 180475 (white bar), or control ASO 141923 (gray bar) for 9 total doses. ASOs were administered at 25 mg/kg. GCGR ASO-treated mice had increased liver glycogen in the fasted state (P < 0.05) with no significant change in the fed state.
analyses (22) . Similarly, epididymal white adipose tissue was not reduced in db/db mice (saline = 2.27 ± 0.05 g; GCGR ASO = 2.33 ± 0.11 g) treated with GCGR ASOs for 4 weeks. Further, differences in serum levels of circulating free fatty acids in control versus GCGR ASO-treated db/db mice (saline = 1.39 ± 0.05 mEq/L; GCGR ASO = 1.28 ± 0.09 mEq/L) or ob/ob mice (saline = 0.64 ± 0.1 mEq/L; GCGR ASO = 0.68 ± 0.08 mEq/L) were not observed. Incomplete receptor KO in GCGR ASO-treated animals or embryonic effects in Gcgr -/-mice may account for these differences. Future studies in animal models of diet-induced obesity will be needed to further evaluate the relationship between glucagon action and adiposity.
Discussion
Because glucagon is elevated in patients with type 2 diabetes (2) and because normalizing glucagon levels during oral glucose challenge tests improves metabolism (3), blocking hepatic glucagon action is likely to improve glycemic control in diabetes. Data reported here support this hypothesis since 2′-methoxyethyl-modified phosphorothioate-antisense oligonucleotides specific to the GCGR reduce its expression in liver and lower blood glucose in diabetic rodents. Consistent with blocking glucagon action, GCGR ASO therapy decreases glycogenolytic and gluconeogenic enzyme gene expression and prevents glucagon-mediated hepatic glucose production. Importantly, GCGR ASO treatment also leads to an increase in pancreatic α cell expression of active GLP-1. As a result, islet insulin content is increased, insulin secretion is preserved, and glucose tolerance is improved. In addition to identifying mechanisms whereby GCGR ASO inhibitors improve glucose control, the studies presented here demonstrate the long-term effects of targeting glucagon action in several rodent models of type 2 diabetes. Although it is clear that GCGR ASO treatment improves glucose control through hepatic and islet effects, the data do not definitively exclude or support an effect on extrahepatic insulin sensitivity.
Gcgr KO mice have slightly reduced plasma levels of glucose and insulin (11, 12) ; however, the impact of inhibiting this pathway on glucose homeostasis in diabetic models is unclear. Previous studies testing antiglucagon molecules indicate that transient antagonism of glucagon action in the liver would decrease hepatic glucose production (7, 8, 10) . These data provided initial proofof-concept evidence that such molecules might be useful in the treatment of postprandial hyperglycemia and likely have utility in treating impaired glucose tolerance and type 2 diabetes. However, clinical development of small molecular weight and peptide GCGR antagonists has largely failed for technical reasons (23) , and thus, studies evaluating the chronic effects of inhibiting this target are needed. As an alternative therapeutic approach, we targeted the GCGR mRNA with specific 2′-methoxyethyl-modified phos-
Figure 7
GCGR ASO treatment does not result in adverse hypoglycemia in nondiabetic mice. Nonfasted plasma glucose in 11-week-old male db +/? mice, which had been treated twice per week (every 3.5 days) by subcutaneous injection with control ASO 141923 (gray bars) or GCGR ASO 180475 (white bars) at 25 mg/kg for a total of 9 doses. Plasma glucose was analyzed in samples obtained from different groups of five animals, which were random fed (6:00 AM sampling) or fasted for 6, 12, or 24 hours (fasting started at 6:00 AM). Data are the mean values ± SEM of five mice per treatment group. Significant differences (P < 0.05) were observed in the fed state and after a 12 hour fast.
Figure 8
GCGR ASO treatment increases islet GLP-1 and insulin content. (A) Islets were isolated as described in Methods from 12-week-old male db/db mice (n = 5-6 per treatment group), which had been treated twice per week (every 3.5 days) by subcutaneous injection with saline (black bar) or GCGR ASO 180475 (white bar) at 25 mg/kg for a total of 9 doses. Five replicates of 10 islets from each animal were extracted with acid ethanol overnight at 4°C, and GLP-1 was assayed by ELISA. Results are expressed as mean ± SEM. P < 0.05. (B) Islet insulin content was assayed by RIA using samples prepared as described in (A). Results are expressed as mean ± SEM. P < 0.05. (C) Real-time quantitative RT-PCR was used to profile gene expression from islets of 10-week-old male db/db mice (n = 9 per treatment group), which had been treated twice per week (every 3.5 days) by subcutaneous injection with saline (black bar) or GCGR ASO 180475 (white bar) at 25 mg/kg for a total of 9 doses. Islets were isolated as described in Methods, and 200 islets from 3 individuals were pooled to give one sample for RNA extraction. Islet GCGR, preproglucagon (proGCG), Brain-4 (Brn4), and insulin-1 (Ins1) levels showed significant differences when compared to saline-treated animals (P < 0.05 using Student's t test). Differences in the mRNA levels of insulin-2 (Ins2), glucose transporter-2 (Glut2) and glucokinase (GCK) were not observed. Mouse 36B4 ribosomal phosphoprotein mRNA was measured and used to normalize RNA. Data are the mean values ± SEM of 3 samples per treatment group.
phorothioate ASOs. The use of this class of compound to inhibit the GCGR is advantageous because these molecules effectively decrease gene expression in hepatocytes (14) .
Reduced GCGR expression by GCGR ASOs results in α cell hypertrophy, hyperglucagonemia, and, in several cases, α cell hyperplasia, similar to what is observed in GCGR-deficient mice (11, 12) . Although not observed in either KO mice or ASO-treated animals, necrolytic migratory erythema -a distinct skin lesion often observed in areas of the lower trunk -is associated with hyperglucagonemia in glucagonoma patients (24) . The etiology of this condition is unknown; however, excessive glucagon action in the liver likely contributes to its manifestation because amino acids and other gluconeogenic precursors are mobilized from the periphery to constitutively drive hepatic glucose production. Because glucagon signaling in the liver is blunted by GCGR ASO treatment, the perpetual state of catabolism occurring in glucagonoma patients is unlikely to occur, thus preventing the development of this condition. In addition to elevated glucagon levels, GCGR ASO therapy stimulates pancreatic α cell hyperplasia in some rodent models. Published reports on Gcgr KO mice do not indicate evidence of α cell neoplastic transformation (11, 12) , and we observed no pancreatic neoplasms in animals treated with GCGR ASOs for 4 months. To date, one report describes loss of function GCGR mutations in humans. Here, a 51-year-old male was found to have hyperglucagonemia and an islet cell pseudoadenoma, both of which were clinically silent (12, 25) . Accumulating evidence indicates that feedback mechanisms play a role in the plasticity of islet tissues and that hyperplasia may be reversible when feedback inhibition is reestablished. When considering this therapeutic approach for humans, it is important to point out that differences exist across species in the physiological mechanisms that islets utilize to respond to increases in hormone demand. For example, β cells within rodent islets predominantly proliferate to meet the insulin need, while in humans, neogenesis (and not proliferation) occurs to satisfy an increasing demand for insulin (26) .
Due to the key role that glucagon plays in stimulating hepatic glucose production, other possible adverse effects of targeting the GCGR include hypoglycemia and excessive accumulation of liver glycogen. Importantly, neither condition results from GCGR ASO therapy. Blood glucose levels in treated animals fasted for 24 hours were reduced by only 15%. It is likely that redundancy in counter-regulatory signals such as glucocorticoids and catecholamines compensates for decreased glucagon signaling to maintain glucose levels within the normal range. As expected in the fasted state, hepatic glycogen stores in diabetic rodents undergoing GCGR ASO therapy were higher than those in control animals; however, these levels did not exceed those of fed controls.
In addition to effects in the liver, the studies presented here also demonstrate that inhibiting the GCGR increases circulating levels of the insulinotropic peptide, GLP-1. Normally, biosynthesis of active GLP-1 occurs via specific processing of the proglucagon precursor within enteroendocrine L cells located in the proximal and distal ends of the small intestine (27) . Importantly, however, a small proportion of pancreatic α cell proglucagon is also normally posttranslationally cleaved to yield bioactive GLP-1 (28, 29) . Analysis of islets and intestinal tissues from GCGR ASOtreated animals revealed that increased pancreatic preproglucagon expression, combined with an expanded α cell population, leads to increased α cell GLP-1 processing, thereby accounting for the elevated plasma GLP-1 levels. The observance of an increase in GLP-1 in GCGR ASO-treated rodents that possess higher than normal levels of circulating glucagon is similar to findings in STZ-treated rats where elevated glucagon accompanies a concurrent increase in α cell-derived GLP-1 (30) .
The ability of GLP-1 to stimulate insulin gene transcription, biosynthesis, and secretion (21) , in addition to its involvement in stimulating islet neogenesis and preventing β cell apoptosis (20) , suggests that therapies tailored to increasing GLP-1 will not only effectively treat the diabetic condition but also may modify or reverse progression of the disease. GCGR ASO therapy improves pancreatic β cell function. (A) An intraperitoneal glucose challenge (2 g glucose/kg body wt) was performed on 9-week-old male SD rats (n = 5 per treatment group), which had been treated twice per week (every 3.5 days) by subcutaneous injection with saline (filled squares) or GCGR ASO 180475 (open circles) for 8 doses. ASOs were administered at 25 mg/kg. Blood samples were taken at the indicated time points, and plasma glucose levels were determined. Results are expressed as mean ± SEM. Inset depicts the log of the area under the glucose excursion curve (AUC) for saline (black bar) and GCGR ASO (white bar). P < 0.05. (B) Plasma insulin levels for the indicated time points during the glucose challenge described in (A). Results are expressed as mean ± SEM. Inset depicts the log of the area under the insulin excursion curve for saline (black bar) and GCGR ASO (white bar). P < 0.05. (C) An intraperitoneal glucose challenge (2 g glucose/kg body wt) was performed on 15-weekold male ZDF rats (n = 5 per treatment group), which had been treated as described in (A). Results are expressed as mean ± SEM. Inset depicts the log of the area under the glucose excursion curve for saline (black bar) and GCGR ASO (white bar). P < 0.05. (D) Plasma insulin levels for the indicated time points during the glucose challenge described in (C). Results are expressed as mean ± SEM. Inset depicts the log of the area under the insulin excursion curve for saline (black bar) and GCGR ASO (white bar). P < 0.05.
patients (21) . The elevation of GLP-1 in GCGR ASO-treated animals is consistent with the observed pancreatic effects in these animals, including an increase in islet insulin content and the preservation of β cell function as demonstrated by an improvement in glucose tolerance with preserved insulin secretion. GLP-1 levels achieved by GCGR ASO therapy are similar to or exceed those shown to be efficacious in humans by exogenous dosing (31) and in rodents via ablation of dipeptidyl peptidase-IV (DPP-IV) activity (32) . In addition, because of recent evidence describing intraislet signaling (33) , α cell produced GLP-1 may have local β cell effects within islets. This suggests that high levels of circulating GLP-1 may not be needed to achieve efficacy and could ameliorate dose-related side effects associated with exogenous GLP-1 administration.
A reduction in serum and liver triglycerides by GCGR ASO treatment was observed in several studies described here. These results are similar to observations made in Gcgr -/-mice (12); however, the mechanisms involved leading to this reduction are unclear at this time. Although this is an exciting result that suggests additional positive effects related to the metabolic syndrome may result from GCGR ASO therapy, studies in additional models will be required to better assess the effects of this treatment on overall lipid metabolism.
Type 2 diabetes mellitus is a progressive disease characterized by impaired insulin secretion, a decline in pancreatic β cell function, and chronic insulin resistance in liver and muscle. Because of the central roles that the liver and pancreas play in the control of glucose homeostasis, directly targeting these tissues with therapeutic agents has the potential to modify or delay progression of type 2 diabetes. Molecules such as the GCGR ASO that induce antidiabetic pharmacology at both of these metabolic sites may offer patients more effective treatment options. Clinical studies with human-specific GCGR ASO molecules will be required to test this hypothesis. The successful development of GCGR ASO inhibitors or dual pharmacophores possessing similar combinatorial actions will likely improve glucose control in diabetic patients, while avoiding such complications as hypoglycemia, weight gain, and fluid retention that are often observed with other therapies.
Methods
Design and identification of lead GCGR ASO inhibitors. A total of 140
ASOs targeting rodent GCGR sequences were designed as 20 base full-phosphorothioate chimeric 2′-O-(2-methoxy)-ethyl modified ASOs. These molecules represent a class of 20 base chimeric ASOs in which an RNase H-sensitive stretch of ten 2′-deoxy residues is flanked on both sides with a stretch of five 2′-O-(2-methoxy)-ethyl modifications. These modifications increase mRNA binding affinity and confer nuclease resistance. Such a chimeric design provides an attractive pharmacological and toxicological profile while maintaining the highly efficient RNase H terminating mechanism (34) . Following detailed in vitro characterization of the lead molecules from initial screens, rodent GCGR ASO ISIS 148359 (hybridizes to bases 227-246 of mouse GCGR sequence NM 008101.1 and bases 277-296 of rat GCGR sequence M96674.1) and GCGR ASO ISIS 180475 (hybridizes to bases 1348-1367 of mouse GCGR sequence NM 008101.1 and bases 1398-1417 of rat GCGR sequence M96674.1) were identified as two of the most potent GCGR ASOs. Control ASOs used in these studies were of the same chemistry, design, and length as the active GCGR ASOs. ISIS 141923 is a generic chemistry control that does not have perfect complementarity to any gene in public databases (sequence 5′-CCTTCCCTGAAGGTTCCTCC-3′). ISIS 298682 (sequence 5′-GCGATTTCCCGTTTTGACCT-3′) is a sequence specific 7 base mismatch to GCGR ASO ISIS 180475.
In vitro treatment of primary hepatocytes with GCGR ASOs. GCGR ASOs were screened in primary mouse and rat hepatocytes for their ability to reduce GCGR mRNA levels. Primary hepatocytes were isolated as previously described and plated onto collagen-coated plates (35) . Hepatocytes were treated with an ASO and Lipofectin (Invitrogen, Carlsbad, California, USA) mixture for 4 hours in serum-free William's E media (Invitrogen). Following incubation, ASO reaction mixture was replaced with normal growth media (William's E media with 10% FBS), and cells were incubated under normal conditions for an additional 16-20 hours.
Animal care and treatments. C57Bl/eOlaHsd-Lep ob (ob/ob) male mice, C57Bl/KsOlaHsd-Lep db (db/db) and lean (db +/? ) male mice, and SD male rats were purchased from Harlan (Indianapolis, Indiana, USA). ZDF/GmiCrl-fa/fa (ZDF) male rats were purchased from Charles River Laboratories (Wilmington, Massachusetts, USA). Animals were acclimated for one week prior to study initiation. Mice were housed five per cage and rats housed one per cage in polycarbonate cages with filter tops. Animals were maintained on a 12:12 hour light-dark cycle (lights on at 6:00 AM) at 21°C. All animals received deionized water ad libitum. ZDF and SD rats and db/db (obese and lean) mice received 5008 Formulab Diet (PMI Nutrition International, Brentwood, Missouri, USA), while ob/ob mice received 5015 Mouse Diet (PMI Nutrition International) ad libitum. All animals were maintained in accordance with the Institutional Animal Use and Care Committee of Eli Lilly and Company and the NIH Guide for the Use and Care of Laboratory Animals. ASOs were prepared in normal saline, and the solution was sterilized through a 0.2 μm filter. Animals were dosed with ASO solutions or vehicle (saline) twice per week (separated by 3.5 days) via subcutaneous injection. Before the initiation of each study and once weekly during the study, blood was collected by tail clip without anesthesia into EDTA plasma tubes containing trasylol (Serologicals Proteins, Kankakee, Illinois, USA) and DPP-IV inhibitor (Linco Diagnostic Services, St. Charles, Missouri, USA). Food intake and body weights were measured weekly. For glucose challenge tests, rats were fasted overnight. The next morning, blood samples were taken for determination of fasting glucose and insulin. An intraperitoneal glucose challenge (2 g/kg body weight) was administered to conscious unrestrained animals, and blood glucose and insulin were measured at 2, 5, 10, 30, and 60 minutes after glucose injection.
Plasma metabolic measurements. Plasma levels of glucose and triglycerides were determined on the Hitachi 912 clinical chemistry analyzer (Roche Diagnostics, Indianapolis, Indiana, USA). In addition, plasma levels of glucagon, insulin, and active GLP-1 were determined by radioimmunoassay, ELISA, and/or Luminex immunoassay (Linco Diagnostic Services). Cross reactivity of the active GLP-1 ELISA assay with glucagon, GLP-1 1-36 amide, 1-37, 9-36 amide and 9-37, or GLP-2 is undetectable.
Liver glycogen and liver slice methods. For liver glycogen determination, a 100 mg liver sample was digested in 0.5 ml of 1M KOH for 30 minutes in a 70°C water bath. Samples were vortexed every 10 minutes. Samples were centrifuged briefly to pellet tissue fragments, and a 100 μl sample of the supernatant was removed and neutralized with 17 μl of 17.4 M acetic acid. Glycogen was enzymatically cleaved to glucose by the addition of 500 μl of 0.3 M acetate buffer (0.3 M sodium acetate, 0.3 M acetic acid) with 0.5% amyloglucosidase followed by overnight incubation at 37°C. Glucose was measured in the supernatant using the Hitachi 912 clini-Immunohistochemistry. Representative sections of the pancreas were fixed in 10% neutral buffered formalin for 24-36 hours, processed to paraffin embedment, and sectioned at 4 microns. Deparaffinized sections were immunohistochemically labeled for glucagon using an avidin-biotin immunohistochemistry procedure to qualitatively assess pancreatic islet cell populations. Antigen retrieval was accomplished by microwaving in 0.1 M sodium citrate buffer (pH 6.0) (Zymed Laboratories Inc., San Francisco, California, USA) at 98°C for 13 minutes. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide for 30 minutes while nonspecific protein binding was blocked with Power Block (Biogenex, San Ramon, California, USA) for 7 minutes. Sections were labeled for glucagon (rabbit polyclonal, 1:200, Dako Corporation, Carpinteria, California, USA) for 30 minutes at room temperature followed by further incubation with a biotinylated secondary antibody for an additional 30 minutes. Signal amplification and visualization were accomplished by incubation in an avidin-biotin complex solution (Vectastain ABC Elite; Vector Laboratories Inc., Burlingame California, USA) and chromogenic development with diaminobenzidine (Vector Laboratories Inc.). Sections were counterstained with Mayer's hematoxylin and permanently mounted.
Statistics. Data are represented as mean ± SEM and were compared using Student's t test. Repeated measures analysis of variance was used to assess the statistical significance between time courses. Tukey's t test was used to adjust P values for multiple comparisons. The null hypothesis was rejected at P < 0.05.
